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Abstract
Recently,  much  attention  has  been  devoted  to  urban  air  pollution  because
epidemiological studies have reported health impacts related to particulate matter (PM).
PM10 and PM2.5 were  collected during different  seasons in Torino, a  northern Italian
city, and were  characterised by inorganic chemical species (secondary particulates and
bio-available iron). The biological effects of aqueous and organic solvent PM extracts on
human epithelial  lung A549 were  evaluated,  and  the  effects  on  cell proliferation  and
lactate  dehydrogenase  (LDH) release  were  assayed.  The  average  PM10 concentration
during the sampling period was 47.9 ± 18.0 µg/m ; the secondary particles accounted for
49 % ± 9 % of the PM10 total mass, and the bio-available iron concentration was 0.067 
± 0.045 µg/m . The PM2.5/PM10 ratio in Torino ranged from 0.47 to 0.90 and was higher
in  cold  months  than  in  warm months.  The  PM10  and  PM2.5  extracts  inhibited  cell
proliferation  and  induced  LDH  release  in  a  dose-dependent  manner  with  a  seasonal
trend.  The  PM10  extract  had  a  stronger  effect  on  LDH release,  whereas  the  PM2.5
extract  more  strongly  inhibited  cell  proliferation.  No  significant  differences  were
observed in the effects induced by the two extracts, and no significant correlations were
found between the  biological effects and  the  PM components evaluated in  this study,
thus emphasising the importance of the entire mixture in inducing a cytotoxic response.
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Introduction
Particulate matter (PM) is an air-suspended mixture of solid and liquid particles that vary in
number, size, shape, surface area, chemical composition, solubility and origin (Pope and
Dockery 2006 ); PM can be classified as PM10 (particles with an aerodynamic diameter Ø
less than 10 µm), PM2.5 (Ø < 2.5 µm), and PM1 (Ø < 1 µm). Currently, major sources of
ambient PM include vehicular and industrial emissions, power plants, refuse incineration
and geological material. The fine fractions (PM2.5 and PM1) are dominated by combustion-
derived particles, whereas the coarse fraction (PM10) contains a major component of
mineral compounds and certain adsorbed endotoxins. Anthropogenic contributions, i.e.
organic carbon, are greater in urban environments, and specific metals may also be more
prevalent in these areas. In an urban setting, approximately 40 % of the particle mass can
be attributed to fossil fuel use (Ghio et al. 2012).
The respiratory system is the primary target of airborne particles, which are inhaled and
tend to accumulate in the airways. The exposure dose in the tissues depends on the PM
atmospheric concentration, the deposition rate in the airways, the clearance mechanisms
and the subsequent retention of particles within the respiratory tract. The epidemiological
associations are well established between PM mass concentrations and increased human
mortality and morbidity (Brook et al. 2010 , Pope and Dockery 2006 ). Currently, the
hypothesis that long-term exposure to air pollution can produce human morbidity and
mortality is unanimously accepted, and epidemiological evidence suggests an increased risk
of lung cancer for people living in urban areas (Nerriere et al. 2005 , Sun et al. 2008 ).
Long-term exposure to air pollution PM increases the risk of lung cancer, respiratory
diseases and arteriosclerosis, whereas short-term exposure can exacerbate several forms of
respiratory diseases, i.e. bronchitis and asthma, and changes in heart rate variability
(Dominici et al. 2007 ; Peacock et al. 2011 ; Pope et al. 2009 ; Raaschou-Nielsen et al.
2011 ; Rusconi et al. 2011 ). However, fundamental uncertainties still exist with respect to
the underlying mechanisms of toxicity that are responsible for the mortality or morbidity
increases following exposure to current levels of air pollution PM (Schwarze et al. 2007 ).
The PM-induced human health effects are still not completely understood, but oxidative
stress and inflammatory reaction seem to be of fundamental importance (Baulig et al.
2009 . Garcon et al. 2006 . Lodovici and Bigagli 2011 . Lonkar and Dedon 2011 ).
Experimental and epidemiological data indicate that lung disorders are often associated
with a pro-oxidant/antioxidant imbalance and inflammatory reaction, and there is increasing
evidence that air pollution via PM induces acute responses and exacerbates existing
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inflammatory diseases in the lungs (Maestrelli et al. 2011 . Peacock et al. 2011 . Raaschou-
Nielsen et al. 2011 . Rusconi et al. 2011 . Terzano et al. 2010 ). Under physiological
conditions, the normal production of reactive oxygen species (ROS) is counteracted by
antioxidant scavengers and enzymes, which include both enzymes and non-enzymatic
scavengers (de Kok et al. 2006 ; Garcon et al. 2006 ; Sun et al. 2008 ). However, under
abnormal conditions, excessive levels of ROS exceed the detoxification capacity of the
antioxidant defences, thereby causing a change in the redox status of the cell (Jomova and
Valko 2011 ; Lonkar and Dedon 2011 ; Ziech et al. 2011 ). Oxidative stress subsequently
triggers a cascade of events closely associated with inflammation, which is believed to play
a key role in the air pollution/PM-induced development and/or exacerbation of acute
and/or chronic lung diseases (Dagher et al. 2005 , 2006 , 2007 ‘ Garcon et al. 2006 ‘
Lodovici and Bigagli 2011 ; Oh et al. 2011 ; Schwarze et al. 2007 ). Transition metals (i.e.
Fe) (Carter et al. 1997 ; Hutchison et al. 2005 ; Roig et al. 2013 '; Schins et al. 2004 ),
organics (i.e. polycyclic aromatic hydrocarbons or PAHs) (Billet et al. 2008 ) and
endotoxins (Becker et al. 2003 ; Longhin et al. 2013 ; Oberdorster et al. 2000 ; Traversi et
al. 2010 ) in the PM seem to be involved in this process (Donaldson et al. 2003 ; Schwarze
et al. 2006 ; Sorensen et al. 2003 ). Moreover, although secondary inorganic aerosols show
less toxic activity when tested under controlled laboratory conditions, epidemiological
studies demonstrate significant associations between sulphates and nitrates and various
health outcomes. In ambient air, this fraction may act as a carrier for other components or
as a surrogate for PM emitted from the combustion of sulphur-containing fuels (Schwarze et
al. 2006 ).
The PM size is another important parameter that influences biological effects. The PM10
fraction has been associated with pro-inflammatory and cytotoxic effects (Gualtieri et al.
2010 ; Hetland et al. 2005 ), and the PM2.5 fraction has been associated primarily with a
higher genotoxic potential (Billet et al 2008 ) also related to higher PAH and metal
contents. Moreover, positive relationships were found between the formation of ROS and
the induction of DNA damage. Depending on the amount formed, ROS may result in
necrosis as well as apoptosis (de Kok et al. 2006 ; Gualtieri et al. 2011 ).
The aim of the present study was to contribute to a better knowledge of the cytotoxic
effects induced by PM extracts. The PM10 and PM2.5 materials were sampled in traffic
conditions and at an urban background station. The inhalable fraction of ambient
particulate matter (PM10) is widely used as an air quality indicator (European Commission
(EC) Directive 2008 ; WHO 2006a); moreover, PM10 and PM2.5 pollution is specifically
related to urban environments (Pelucchi et al. 2009 ). The PM samples were analysed in
terms of the amounts of inorganic species (bio-available iron and secondary particulates of
sulphates and nitrates). Additionally, A549 cells were exposed to increasing concentrations
of PM10 and PM2.5 (aqueous and organic solvent) extracts, and the experiments were
performed at concentrations according to previous data (Schiliroò et al. 2010 ). Next, the
effects on cell proliferation and LDH release induced by extracts from cold and warm
season samples were evaluated. Another aim of this work was to define whether the
cytotoxic effects produced in the A549 cells by extracts of PM10 and PM2.5 might be
related to the chemical compounds evaluated on the particles.
e.Proofing http://eproofing.springer.com/printpage.php?token=nSr0BWN9JI...
3 di 22 07/01/2014 11.35
The chemical and in vitro toxicological characterisations of urban-air PM could provide a
basis for environmental and sanitary actions, particularly in one of the most industrialised
areas of Italy (Hazenkamp-von Arx et al. 2003 ; Marcazzan et al. 2003 ), with high levels of
particulate matter among European nations (WHO 2006b ).
Material and methods
PM sampling
Sampling was performed from January 2007 to December 2008 at two meteorological–
chemical stations of the Environmental Protection Regional Agency (Piedmont A.R.P.A.)
located in Torino, a city in the northwest of the Padana Plain (Italy). The first sampling site
(station 1) was located outdoors in a small green area within an enclosure zone classified as
urban background. The second sampling site was located in the centre of the city (station 2)
in a traffic-regulated street and was classified as a traffic station (Putaud et al. 2010 ). The
PM10 (PM passing through a size-selective inlet with a 50 % efficiency cut-off at 10 µm
aerodynamic diameter) material was sampled at station 2 on glass micro-fibre filters (Type
A/E, 8 × 10 in., Gelman Sciences, MI, USA) with a Sierra Andersen High-Volume Sampler
1200/VFC (Andersen Samplers, Atlanta, Georgia, USA) at a flow rate of 1.16 L/min. The
sampling duration was controlled using a timer accurate to ±15 min over a 24-h sampling
period. The PM2.5 was sampled at station 1 with glass micro-fibre filters (Type A/E 47 mm,
Gelman Sciences, MI, USA) using a PM2.5 MicroVol 1100 Low-Volume Air Sampler with a
flow rate of approximately 32 L/min. This sampler is certified in compliance with norm
EN-14907. The exact flow rate was calculated daily and corrected for variations in
atmospheric pressure and the actual differential pressure across the filter. The filters were
conditioned for 48 h and were weighed with an analytical balance (±10 µg) before and after
sampling to calculate the PM mass trapped on the filter. The procedures were conducted
according to the European Committee for Standardization (CEN 1998 ), as previously
described (Gilli et al. 2007c ).
Particles extractions
The PM10 filter strips were pooled to obtain one weekly sample, and particles were
extracted as previously described (Schiliroò et al. 2010  In brief, each pool was treated with
two different extraction media, acetone or RPMI1640 without foetal calf serum (FCS),
which were chosen for different capabilities for the extraction of different compounds.
Acetone was chosen as the solvent for organic-extractable compounds, and RPMI1640
without FCS was chosen to extract a water-soluble component theoretically comparable to
the extraction in the lung cells (Schiliroò et al. 2010 ).
Each portion of the filter was cut into thin strips and placed in a 50-mL polypropylene
sterile tube with 15 mL of the extraction medium. The tubes were placed in an ultrasonic
water bath for 10 min, followed by 1 min of vortexing. This procedure was repeated three
times. The samples were centrifuged at 5,000×g for 10 min to remove the filter material,
and the supernatant was collected. Acetone extracts were evaporated with a rotary
evaporator and re-suspended in culture medium. Aqueous extracts were directly assayed.
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The PM2.5 filters were pooled to obtain one monthly sample, and the same extraction
procedure was followed. Unless otherwise specified, all chemicals were purchased from
Sigma, St. Louis, MO, USA.
Iron and bio-available iron
Iron determination was performed according to the procedure of Gilli et al. ( 2007b ). In
brief, the metals were extracted from the filter strips (3.18 cm by 20.32 cm) using a nitric
acid solution. After cooling, the sample was mixed and centrifuged, and the trace element
concentrations in each sample were determined by atomic absorption spectrometry (Varian
GTA-96).
The bio-available iron from urban particulates was determined as previously described
(Lund and Aust 1990 ) with certain modifications (Gilli et al. 2007b ; Smith and Aust
1997 ). In brief, filter strips (3.18 cm by 20.32 cm) were suspended in 50 nM NaCl, mixed,
and adjusted to pH 7.5. Citrate was added to the samples to a final concentration of 1 mM,
and all samples were placed on a wrist-action shaker in the dark for 24 h. Samples of 1 mL
were withdrawn and centrifuged to remove the particulates. The amount of iron mobilised
as the citrate/Fe complex in the supernatant was determined using a spectrophotometric
total non-heme iron assay (Brumby and Massey 1967 ).
Sulphates and nitrates
Sulphates and nitrates were measured according to the procedure of Gilli et al. ( 2007a ),
2007b ). In brief, each filter strip (3.18 cm by 20.32 cm) was extracted in 15 mL of distilled
and deionised water via 30-min sonication, 30-min agitation, and overnight refrigeration at
4 °C. Prior to the analysis, the samples were centrifuged to remove particles. Ion
chromatography was used to determine the soluble ion content of sulphate (SO ) and
nitrate (NO ) using a Dionex DX-100 ion chromatograph with 0.3 mM NaHCO3 and
2.7 mM Na2CO3 2.7 for the eluent and IonPac analytical column S12A for the anions. The
applied standards, i.e. sodium sulphate and sodium nitrate (71959 and 71759 FLUKA,
respectively), ranged from 0.1 to 100 g/ml. The ions were identified by their
elution/retention times (~8.75 min and 12.5 min for nitrates and sulphates, respectively)
and were quantified by the conductivity peak area or peak height (300A method, US EPA
1996).
Cell culture
The human lung epithelial cell line A549 (non-small cell lung cancer) from the Interlab Cell
Line Collection (Genova, IT) was used as a model for human epithelial lung cells. Cells
were grown as a monolayer and were maintained and treated in RPMI1640 supplemented
with 10 % (v/v) FCS, 2 % L-glutamine (200 mM) and 1 % penicillin/streptomycin
(10 mg/ml) at 37 °C in a humidified atmosphere containing 5 % CO .
Cell viability
The MTT [3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide] assay was used to
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measure cell viability (Gualtieri et al. 2010 ). Cells were seeded in 24-well plates at a
density of 4 × 10  cells/well and exposed to PM extracts equivalent to particle
concentrations of 50, 100 and 200 µg/ml (Schiliroò et al. 2010 ). After treatment with
PM10 and PM2.5, the medium was discharged; cells were rinsed with PBS, and MTT (final
concentration of 0.5 mg/ml) reagent was added for 4 h. The medium was removed, and the
MTT reduction product (formazan crystals) was dissolved in 300 µl of DMSO. Cell
proliferation was determined after 72 h of exposure by measuring the absorbance at 570 nm
using a micro-plate reader (ELX 800 UV, Bio-Tek Instruments, Inc.). Blank filters were
used as negative controls, and all experiments were performed in triplicate. The percentage
of cell proliferation was calculated by comparing the absorbance of exposed cultures with
the absorbance of non-exposed cultures.
LDH assay
To evaluate PM cytotoxicity, the released LDH activities from damaged cells were
measured in cell-free culture supernatants as previously described (Schiliroò et al. 2010 ).
In brief, A549 cells were seeded in six-well plates at a density of 1 × 10  cells/well and
exposed to PM10 and PM2.5 extracts containing an equivalent of 50, 100 and 200 µg/ml of
particles. Blank filters were treated in the same manner. At 72 h, LDH activity was
measured in the supernatant and cell lysate. The LDH activity, the ratio of extracellular
LDH (measured in the supernatant) and total LDH (expressed as the sum of the LDH
measured in the supernatant and cell lysate) were measured as consumption of NADH in
terms of the absorbance at 340 nm, read using a micro-plate reader (Benchmark Plus
Microplate Reader, Biorad). All experiments were performed in triplicate. The LDH
activity of the exposed cells is expressed as a percentage of that of non-exposed cells.
Statistical analysis
Statistical analyses were performed using the SPSS Package (version 17.0) for Windows.
The mean values were compared with the Wilcoxon–Mann–Whitney U test, and the
Spearman rank correlation coefficient (rS) was used to assess the relationships between
variables. The mean difference and correlation were considered significant at p < 0.05.
Results
PM concentration
A total of 117 PM10 filters and 362 PM2.5 filters were analysed during 2007 and 2008. The
annual means for PM10 and PM2.5 were 47.9 ± 18.0 and 35.2 ± 22.7 µg/m , respectively.
The PM2.5/PM10 ratio ranged from 0.47 to 0.90 and was higher in winter/autumn than in
spring/summer. This ratio is affected by the different sampling sites in terms of traffic
pressure but is comparable to those values reported in the literature (Querol et al. 2004 ).
The particulate matters often showed concentrations higher than the daily and annual
targets proposed in the Air Quality Directive 2008/50/CE (EUEC, 2008). The highest
values both for PM10 and PM2.5 were observed in winter, whereas the lowest were
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measured in summer(Figure 1). Moreover, significant differences (p < 0.05) were observed
between the seasonal (autumn/winter vs. spring/summer) PM10 and PM2.5 concentrations
(Table 1 ).
Table 1
PM10, PM2.5, sulphates, nitrates and Fe concentrations (micrograms per cibuc metre), means ± standard deviations
Whole period 47.9 ± 18.0
35.2 ± 
22.7
12.5 ± 
3.5
9.5 ± 
5.5
29.7 ± 
10.4 19.3 ± 5.4
1.953 
± 0.680
0.067 
± 0.045
Winter/autumn 58.4 ± 18.6*
52.7 ± 
19.8*
11.5 ± 
3.3
12.1 ± 
5.9
22.7 ± 
9.5* 20.5 ± 5.9
2.085 
± 0.954
0.096 
± 
0.047*
Summer/spring 37.3 ± 10.5*
17.7 ± 
2.8*
13.5 ± 
3.8
6.7 ± 
3.8
36.7 ± 
5.7* 18.2 ± 5.1
1.821 
± 0.254
0.038 
± 
0.019*
*p < 0.05 level of statistically significant differences (autumn/winter vs. spring/summer)(Mann–Whitney 
Iron and bio-available iron
The total iron mean concentration was 1.953 ± 0.680 µg/m . The highest value was
observed in winter (4.263 µg/m ), whereas the lowest was observed in summer
(0.600 µg/m ). Table 1  also shows the mean concentrations of bio-available iron, and 3.9 ± 
3.2 % of the total iron was bio-available. Statistically significant differences were observed
for the mean seasonal concentrations (p < 0.01). The bio-available iron showed significant
positive correlations with the PM10 and PM2.5 concentrations (respectively, rS = 0.711, p 
< 0.05 and rS = 0.846, p < 0.01).
Sulphates and nitrates
The mean concentration of sulphates was 12.5 ± 3.5 µg/m  relative to PM10, such that
sulphates represented 29.7 ± 10.4 % of the total PM10 mass. The mean concentration of
nitrates was 9.5 ± 5.5 µg/m , such that nitrates represented 19.3 ± 5.4 % of the total PM10
mass. Considering the sum of sulphates and nitrates as the principal components of
secondary particulate matter, these materials accounted for 49 ± 9 % of the PM10 total
mass (Table 1 ). No statistically significant differences were found for the seasonal
concentrations for both sulphates and nitrates expressed as micrograms per cubic metre.
Considering the concentrations of the two species relative to PM10 (percentage), it was
observed that the sulphate content (36.7 ± 5.7 %) in the hot season was significantly
elevated compared with that in the cold season (22.7 ± 9.5 %, p < 0.05) whereas, for the
3
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3
3
e.Proofing http://eproofing.springer.com/printpage.php?token=nSr0BWN9JI...
7 di 22 07/01/2014 11.35
nitrates, the amounts were similar in the two seasons.
As expected, the sulphates and nitrates showed significant correlations with the particulate
matter concentrations. More specifically, the sulphates displayed a negative correlation
with both PM10 and PM2.5, whereas the nitrates had a positive correlation (Fig. 1 ).
Fig. 1
Monthly trends of the PM10 (top) and PM2.5 (bottom) concentrations
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Cell proliferation
Extracts from blank filters had no significant effects on cell proliferation. Figure 2  shows
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the effects on cell proliferation of organic and aqueous extracts. The PM10 and PM2.5
extracts inhibited cell proliferation in a dose-dependent manner. The PM10 extracts
induced a significant inhibition of cell proliferation only at the highest exposure dose
(200 µg/ml), both for the organic and aqueous extracts. However, the PM2.5 extracts also
had strong effects on cell proliferation (especially for the aqueous samples) at doses of 50
and 100 µg/ml. No seasonal (autumn/winter vs. spring/summer) differences were observed
in the inhibition of proliferation of A549. Moreover, the chemical parameters were not
correlated with the inhibition of cell proliferation.
Fig. 2
Inhibition  of  proliferation  of  A549  cells  after  incubation  with  PM10  (top)  and  PM2.5
(bottom)  organic  solvent  extracts  (acetone)  and  aqueous  extracts  (RPMI)  (50,  100  and
200 µg/ml). Inhibition of cell proliferation was calculated by comparing the absorbance of the
exposed cultures with the absorbance of non-exposed cultures. *Significant differences from
the control, p < 0.05 (Mann–Whitney U test)
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LDH release
An increase in extracellular LDH enzyme activity reflects an increase in the amount of
membrane-damaged cells (Lobner 2000 ). The release of the cytoplasmic enzyme LDH into
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the culture supernatant was used to measure the cytotoxicity of the PM10 extracts.
Extracts from blank filters had no significant effect on LDH release. As shown in
Fig.Figure 3 , incubation of A549 cells with PM10 extracts at a concentration of 50 µg/ml
had no effect on LDH release compared with control cells.
Fig. 3
LDH release from A549 cells after their incubation with PM10 (top) and PM2.5 (bottom)
organic  solvent  extracts (acetone) and aqueous extracts (RPMI) (50, 100 and 200 µg/ml).
LDH release  was  calculated  by  comparing the  absorbance  of  exposed  cultures  with  the
absorbance of non-exposed cultures. *Statistically significant differences from the control, p 
< 0.05 (Mann–Whitney U test)
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Statistically significant increases in extracellular LDH activities were observed after cell
exposure at 100 and 200 µg/mL of particle concentration for both the organic and aqueous
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extracts. Furthermore, the organic extracts showed seasonal differences (autumn/winter vs.
spring/summer) in the induction of LDH release for the two highest concentrations of
exposure.
The PM2.5 extracts induced a percentage release of LDH in exposed cells compared with
control cells that always ranged between 15 % and 35 %, and these differences were
significant only for three cases. No seasonal (autumn/winter vs. spring/summer) differences
were found in the LDH release induced by the PM2.5 extracts.
The LDH increase in A549 due to either the organic or aqueous extract was not correlated
with the PM10 and PM2.5 concentrations or with any other parameters.
Discussion and conclusions
The current study focused on the chemical characterisation and the cytotoxic effects of
particulate matter in the city of Torino. Moreover, in this work, we intended to determine
whether the cytotoxic effects produced in A549 cells from the extracts of PM10 and PM2.5
might be related to specific compounds evaluated on the particles.
The north of Italy, and in particular the Padana Plain where Torino is located, is an area of
widespread air pollution (Cadum et al. 2009 ). The weak dispersion rate observed during
winter due to the conformation of the territory represents a relevant factor (Poncino et al.
2009 ), and different air pollution indicators exceed the WHO guidelines, especially for
particulate matter, i.e. PM10 and PM2.5. In addition, the exposure concentrations of 40 and
25 µg/m  (for PM10 and PM2.5, respectively) defined by the European Directive
2008/50/EC (ECDirective 2008 ), which must be met by 2015, were clearly exceeded, and
it is difficult to imagine better results for the upcoming years.
In contrast with our previous finding (Gilli et al. 2007a , b ) but in agreement with the latest
data from another city in the Padana Plain (Camatini et al. 2012 ), no significant seasonal
differences were observed in total Fe concentrations. A small amount of iron is
bio-available (approximately 4 % of total Fe), and this fraction is involved in oxidant
generation after PM exposure by directly supporting electron transport, thus producing
ROS (Ghio et al. 2012). Bio-available Fe showed a seasonal trend, with higher content of
this metal in samples from the cold season compared with those from the warm seasons and
was also correlated with the PM10 and PM2.5 concentrations.
The secondary PM components represented approximately 49 % of the total PM10 in term
of mass, as confirmed by the findings reported on other urban sites (Lee and Hieu 2013 ) in
the Italian Po valley, in particular in Gilli et al. ( 2007b ) and Marcazzan et al. 2003 ). The
seasonal trend of both sulphates and nitrates is normally due to the photochemical reactions
that occur more frequently in the warm season.
Many other studies have investigated the cytotoxicity of PM in airway epithelial cells
(Scapellato and Lotti 2007 ), and PM induces different biologic effects depending on the
sampling site (Rosas Perez et al. 2007 ), size fraction (Alfaro-Moreno et al. 2002 ; Hetland
3
e.Proofing http://eproofing.springer.com/printpage.php?token=nSr0BWN9JI...
14 di 22 07/01/2014 11.35
et al. 2004 ; Osornio-Vargas et al. 2003 ) sampling time (Frampton et al. 1999 ) and
contaminants adsorbed on the particles (Baulig et al. 2003 ; Billet et al. 2007 ; Calcabrini et
al. 2004 ; Frampton et al. 1999 ; Muller et al. 2006 ). In this study, PM10 and PM2.5
extracts inhibited cell proliferation and induced LDH release in a dose-dependent manner,
similar to the results found in other studies on epithelial cells (Alfaro-Moreno et al. 2002 ;
Osornio-Vargas et al. 2003 ; Schiliroò et al. 2010 ). Significant seasonal trends were
observed only with the organic PM10 extracts; otherwise, the effects produced by the
samples from cold seasons were similar to those induced by the other samples. As
previously observed (Schiliroò et al. 2010 ), aqueous PM extracts seemed to have a greater
effect on cell proliferation than organic-solvent (acetone) extracts, whereas organic extracts
induced a greater release of LDH. Both types of PM10 extracts have a significant impact
on cells, and it is likely that water-soluble components could cross the membranes and
induce rapid inflammatory responses; organic-phase compounds still cross the membranes
but have a more deleterious effect on the cells (e.g. LDH release). It is important to
emphasise that PM10 extracts had a stronger effect on LDH release than PM2.5 extracts
(47.38 % vs. 26.77 %, respectively), according to a similar result on the pro-inflammatory
potential of PM10 compared with PM2.5 presented by numerous authors (Duvall et al.
2008 ; Gualtieri et al. 2008 ; Hetland et al. 2005 ). As reported in another study (Shang et
al. 2013 ), combined MTT data and LDH data show that PM exposure does not produce
cell death by damaging the cell membrane of A549 cells. For the aqueous PM2.5 extract,
for example, the discrepancy between LDH release data and the reduction in viability
detected by MTT may suggest that the impairment of viability (approximately 25-30 % cell
death was observed at concentrations of 200 µg/mL; Fig. 2 ) may be due to the induction of
the apoptotic cell death pathway in which the integrity of the plasma membrane is
maintained. In addition, it should be noted that the MTT assay measures cellular metabolic
activity, and thus, low MTT values might indicate reduced metabolic activity/mitochondrial
damage or reduced cell proliferation.
Finally, no significant correlations were found between the biological effects and PM
components (iron, bio-available iron and secondary particulates) evaluated in this study.
These results confirm the results of other recent studies in which inconsistent associations
were reported between both cell proliferation and LDH release and secondary particulates
and metals for in vitro lung cell exposure (Happo et al. 2008 , Roig et al. 2013 ). One
possible explanation for the paucity of correlations could be that the biological end-points
and the PM components were quantified in chemically separate fractions. Furthermore, the
aqueous extracts did not reflect the activity of any particular PM10 chemical component
but rather only highlighted the activity of physiologically soluble components. Moreover,
the lack of correlations indicates that certain other chemical parameters should be assessed.
The results of the current study supported the assertion that short-term bioassays
usinghuman lung cells might be adequate for completing routine chemical analysis and for
carrying out preliminary screening of the potential effects of PM-associated airborne
pollutants. Our results must be further explored to identify the most dangerous PM
fractions, even though the precise components responsible for cytotoxicity following
exposure of cells to PM remain to be defined.
e.Proofing http://eproofing.springer.com/printpage.php?token=nSr0BWN9JI...
15 di 22 07/01/2014 11.35
Acknowledgements
This study was financed by a Local Research Grant from the Piedmont University of
Torino. The authors kindly thank Drs. M. Sacco, M. Maringo, F. Lollobrigida and M. Grosa
of the Environmental Protection Regional Agency (Piedmont A.R.P.A.).
References
Alfaro-Moreno E, Martinez L, Garcia-Cuellar C, Bonner JC, Murray JC, Rosas I,
Rosales SP, Osornio-Vargas AR (2002) Biologic effects induced in vitro by PM10 from
three different zones of Mexico City. Environ Health Perspect 110:715–720
Baulig A, Sourdeval M, Meyer M, Marano F, Baeza-Squiban A (2003) Biological effects
of atmospheric particles on human bronchial epithelial cells. Comparison with diesel
exhaust particles. Toxicol In Vitro 17:567–573
Baulig A, Singh S, Marchand A, Schins R, Barouki R, Garlatti M, Marano F, Baeza-
Squiban A (2009) Role of Paris PM2.5 components in the pro-inflammatory response
induced in airway epithelial cells. Toxicology 261:126–135
Becker S, Soukup JM, Sioutas C, Cassee FR (2003) Response of human alveolar
macrophages to ultrafine, fine, and coarse urban air pollution particles. Exp Lung Res
29:29–44
Billet S, Garcon G, Dagher Z, Verdin A, Ledoux F, Cazier F, Courcot D, Aboukais A,
Shirali P (2007) Ambient particulate matter (PM(2.5)): physicochemical characterization
and metabolic activation of the organic fraction in human lung epithelial cells (A549).
Environ Res 105:212–223
Billet S, Abbas I, Goff JL, Verdin A, Andre V, Lafargue PE, Hachimi A, Cazier F, Sichel
F, Shirali P, Garcon G (2008): Genotoxic potential of polycyclic aromatic hydrocarbons-
coated onto airborne particulate matter (PM(2.5)) in human lung epithelial A549 cells.
Cancer Lett 270:144-155
Brook RD, Rajagopalan S, Pope CA, Brook JR, Bhatnagar A, Diez-Roux AV, Holguin F,
Hong YL, Luepker RV, Mittleman MA, Peters A, Siscovick D, Smith SC, Whitsel L,
Kaufman JD, Amer Heart Assoc Council E, Council Kidney Cardiovasc D, Council Nutr
Phys Activity M (2010) Particulate matter air pollution and cardiovascular disease an
update to the scientific statement from the American Heart Association. Circulation
121:2331–2378
Brumby PE, Massey V (1967) Determination of nonheme iron, total iron, and copper. In:
Estabrook RW, Pullman ME (eds) Methods in enzymology, vol 10. Academic Press,
New York, pp 463–474
Cadum E, Berti G, Biggeri A, Bisanti L, Faustini A, Forastiere F, Grp Collaborativo E
e.Proofing http://eproofing.springer.com/printpage.php?token=nSr0BWN9JI...
16 di 22 07/01/2014 11.35
(2009) The results of EpiAir and the national and international literature. Epidemiologia
& Prevenzione 33:113–119
Calcabrini A, Meschini S, Marra M, Falzano L, Colone M, De Berardis B, Paoletti L,
Arancia G, Fiorentini C (2004) Fine environmental particulate engenders alterations in
human lung epithelial A549 cells. Environ Res 95:82–91
Camatini M, Corvaja V, Pezzolato E, Mantecca P, Gualtieri M (2012) PM10-biogenic
fraction drives the seasonal variation of proinflammatory response in A549 cells.
Environ Toxicol 27:63–73
Carter JD, Ghio AJ, Samet JM, Devlin RB (1997) Cytokine production by human airway
epithelial cells after exposure to an air pollution particle is metal-dependent. Toxicol
Appl Pharmacol 146:180–188
CEN (1998) Air quality—determination of the PM10 fraction of suspended particulate
matter – reference method and field test procedure to demonstrate reference
equivalence of measurement methods. Brussels: European Committee for
Standardization; (European Standard EN 12341)
Dagher Z, Garcon G, Gosset P, Ledoux F, Surpateanu G, Courcot D, Aboukais A,
Puskaric E, Shirali P (2005) Pro-inflammatory effects of Dunkerque city air pollution
particulate matter 2.5 in human epithelial lung cells (L132) in culture. J Appl Toxicol
25:166–175
Dagher Z, Garcon G, Billet S, Gosset P, Ledoux F, Courcot D, Aboukais A, Shirali P
(2006) Activation of different pathways of apoptosis by air pollution particulate matter
(PM2.5) in human epithelial lung cells (L132) in culture. Toxicology 225:12–24
Dagher Z, Garcon G, Billet S, Verdin A, Ledoux F, Courcot D, Aboukais A, Shirali P
(2007) Role of nuclear factor-kappa B activation in the adverse effects induced by air
pollution particulate matter (PM2.5) in human epithelial lung cells (L132) in culture. J
Appl Toxicol 27:284–290
de Kok TM, Driece HA, Hogervorst JG, Briede JJ (2006) Toxicological assessment of
ambient and traffic-related particulate matter: a review of recent studies. Mutat Res
613:103–122
Dominici F, Peng RD, Ebisu K, Zeger SL, Samet JM, Bell ML (2007) Does the effect of
PM10 on mortality depend on PM nickel and vanadium content? A reanalysis of the
NMMAPS data. Environ Health Perspect 115:1701–1703
Donaldson K, Stone V, Borm PJ, Jimenez LA, Gilmour PS, Schins RP, Knaapen AM,
Rahman I, Faux SP, Brown DM, MacNee W (2003) Oxidative stress and calcium
signaling in the adverse effects of environmental particles (PM10). Free Radic Biol Med
34:1369–1382
e.Proofing http://eproofing.springer.com/printpage.php?token=nSr0BWN9JI...
17 di 22 07/01/2014 11.35
Duvall RM, Norris GA, Burke JM, Mcgee JK, Gilmour MI, Devlin RB (2008): Source
apportionment of particulate matter in the US and associations with in vitro and in vivo
lung inflammatory markers. Air Pollution Modeling and Its Application XIX, 721-722
European Commission (EC) Directive 2008/50/EC of the European Parliament and of
the Council of 21 May 2008 on ambient air quality and cleaner air for Europe. Technical
Report 2008/50/EC, L152Off J Eur Comm; 2008
Frampton MW, Ghio AJ, Samet JM, Carson JL, Carter JD, Devlin RB (1999) Effects of
aqueous extracts of PM(10) filters from the Utah valley on human airway epithelial
cells. Am J Physiol 277:L960–L967
Garcon G, Dagher Z, Zerimech F, Ledoux F, Courcot D, Aboukais A, Puskaric E, Shirali
P (2006) Dunkerque city air pollution particulate matter-induced cytotoxicity, oxidative
stress and inflammation in human epithelial lung cells (L132) in culture. Toxicol In Vitro
20:519–528
Ghio AJ, Carraway MS, Madden MC (2012): Composition of Air Pollution Particles and
Oxidative Stress in Cells, Tissues, and Living Systems. Journal of Toxicology and
Environmental Health-Part B-Critical Reviews 15, 1-21Gilli G, Traversi D, Rovere R,
Pignata C, Schiliroò T (2007a) Airborne particulate matter: ionic species role in different
Italian sites. Environ Res 103:1–8
Gilli G, Pignata C, Schiliroò T, Bono R, La Rosa A, Traversi D (2007b) The mutagenic
hazards of environmental PM2.5 in Turin. Environ Res 103:168–175
Gilli G, Traversi D, Rovere R, Pignata C, Schiliroò T (2007c) Chemical characteristics
and mutagenic activity of PM10 in Torino, a northern Italian city. Sci Total Environ
385:97–107
Gualtieri M, Mantecca P, Cetta F, Camatini M (2008) Organic compounds in tire particle
induce reactive oxygen species and heat-shock proteins in the human alveolar cell line
A549. Environ Int 34:437–442
Gualtieri M, Ovrevik J, Holme JA, Perrone MG, Bolzacchini E, Schwarze PE, Camatini
M (2010) Differences in cytotoxicity versus pro-inflammatory potency of different PM
fractions in human epithelial lung cells. Toxicol In Vitro 24:29–39
Gualtieri M, Ovrevik J, Mollerup S, Asare N, Longhin E, Dahlman HJ, Camatini M,
Holme JA (2011) Airborne urban particles (Milan winter-PM2.5) cause mitotic arrest
and cell death: effects on DNA, mitochondria, AhR binding and spindle organization.
Mutat Res 713(1–2):18–31
Happo MS, Hirvonen MR, Halinen AI, Jalava PI, Pennanen AS, Sillanpaa M, Hillamo R,
Salonen RO (2008) Chemical compositions responsible for inflammation and tissue
damage in the mouse lung by coarse and fine particulate samples from contrasting air
e.Proofing http://eproofing.springer.com/printpage.php?token=nSr0BWN9JI...
18 di 22 07/01/2014 11.35
pollution in Europe. Inhal Toxicol 20:1215–1231
Hazenkamp-von Arx ME, Gotschi Fellmann T, Oglesby L, Ackermann-Liebrich U,
Gislason T, Heinrich J, Jarvis D, Luczynska C, Manzanera AJ, Modig L, Norback D,
Pfeifer A, Poll A, Ponzio M, Soon A, Vermeire P, Kunzli N (2003) PM2.5 assessment in
21 European study centers of ECRHS II: method and first winter results. J Air Waste
Manag Assoc 53:617–628
Hetland RB, Cassee FR, Refsnes M, Schwarze PE, Lag M, Boere AJ, Dybing E (2004)
Release of inflammatory cytokines, cell toxicity and apoptosis in epithelial lung cells
after exposure to ambient air particles of different size fractions. Toxicol In Vitro
18:203–212
Hetland RB, Refsnes M, Cassee FR, Lag M, Dybing E, Schwarze PE (2005) Cytokine
release from alveolar macrophages exposed to ambient particulate matter: relation to
size, city, season and metal content. Toxicol Lett 158:S80–S81
Hutchison GR, Brown DM, Hibbs LR, Heal MR, Donaldson K, Maynard RL, Monaghan
M, Nicholl A, Stone V (2005) The effect of refurbishing a UK steel plant on PM10 metal
composition and ability to induce inflammation. Respir Res 6:43
Jomova K, Valko M (2011) Advances in metal-induced oxidative stress and human
disease. Toxicology 283:65–87
Lee B-K, Hieu NT (2013) Seasonal ion characteristics of fine and coarse particles from
an urban residential area in a typical industrial city. Atmospheric Research 122:362–377
Lobner D (2000) Comparison of the LDH and MTT assays for quantifying cell death:
validity for neuronal apoptosis? J Neurosci Methods 96:147–152
Lodovici M, Bigagli E (2011) Oxidative stress and air pollution exposure. J Toxicol
2011:487074
Longhin E, Pezzolato E, Mantecca P, Holme JA, Franzetti A, Camatini M, Gualtieri M
(2013) Season linked responses to fine and quasi-ultrafine Milan PM in cultured cells.
Toxicol In Vitro 27:551–559
Lonkar P, Dedon PC (2011) Reactive species and DNA damage in chronic inflammation:
reconciling chemical mechanisms and biological fates. Int J Cancer 128:1999–2009
Lund LG, Aust AE (1990) Iron mobilization from asbestos by chelators and ascorbic
acid. Arch Biochem Biophys 278:61–64
Maestrelli P, Canova C, Scapellato ML, Visentin A, Tessari R, Bartolucci GB, Simonato
L, Lotti M (2011) Personal exposure to particulate matter is associated with worse
health perception in adult asthma. J Investig Allergol Clin Immunol 21:120–128
e.Proofing http://eproofing.springer.com/printpage.php?token=nSr0BWN9JI...
19 di 22 07/01/2014 11.35
Marcazzan GM, Ceriani M, Valli G, Vecchi R (2003) Source apportionment of PM10 and
PM2.5 in Milan (Italy) using receptor modelling. Sci Total Environ 317:137–147
Muller A, Wichmann G, Massolo L, Rehwagen M, Grabsch C, Loffhagen N, Herbarth O,
Ronco A (2006) Cytotoxicity and oxidative stress caused by chemicals adsorbed on
particulate matter. Environ Toxicol 21:457–463
Nerriere E, Zmirou-Navier D, Desqueyroux P, Leclerc N, Momas I, Czernichow P
(2005) Lung cancer risk assessment in relation with personal exposure to airborne
particles in four French metropolitan areas. J Occup Environ Med 47:1211–1217
Oberdorster G, Finkelstein JN, Johnston C, Gelein R, Cox C, Baggs R, Elder AC (2000):
Acute pulmonary effects of ultrafine particles in rats and mice. Res Rep Health Eff Inst,
5-74; disc 75-86
Oh SM, Kim HR, Park YJ, Lee SY, Chung KH (2011) Organic extracts of urban air
pollution particulate matter (PM2.5)-induced genotoxicity and oxidative stress in human
lung bronchial epithelial cells (BEAS-2B cells). Mutat Res 723:142–151
Osornio-Vargas AR, Bonner JC, Alfaro-Moreno E, Martinez L, Garcia-Cuellar C, Ponce-
de-Leon Rosales S, Miranda J, Rosas I (2003) Proinflammatory and cytotoxic effects of
Mexico City air pollution particulate matter in vitro are dependent on particle size and
composition. Environ Health Perspect 111:1289–1293
Peacock JL, Anderson HR, Bremner SA, Marston L, Seemungal TA, Strachan DP,
Wedzicha JA (2011): Outdoor air pollution and respiratory health in patients with
COPD. Thorax
Pelucchi C, Negri E, Gallus S, Boffetta P, Tramacere I, La Vecchia C (2009) Long-term
particulate matter exposure and mortality: a review of European epidemiological studies.
BMC Public Health 9:453
Poncino S, Bande S, Muraro M (2009) Meteo-diffusive analysis: a case-study of Turin.
Epidemiol Prev 33:27–33
Pope CA 3rd, Dockery DW (2006) Health effects of fine particulate air pollution: lines
that connect. J Air Waste Manag Assoc 56:709–742
Pope CA, Ezzati M, Dockery DW (2009) Fine-particulate air pollution and life
expectancy in the United States. New England J Med 360:376–386
Putaud JP et al (2010) A European aerosol phenomenology-3: physical and chemical
characteristics of particulate matter from 60 rural, urban, and kerbside sites across
Europe. Atmos Environ 44:1308–1320
Querol X, Alastuey A, Ruiz CR, Artinano B, Hansson HC, Harrison RM, Buringh E, ten
e.Proofing http://eproofing.springer.com/printpage.php?token=nSr0BWN9JI...
20 di 22 07/01/2014 11.35
Brink HM, Lutz M, Bruckmann P, Straehl P, Schneider J (2004) Speciation and origin of
PM10 and PM2.5 in selected European cities. Atmos Environ 38:6547–6555
Raaschou-Nielsen O, Andersen ZJ, Hvidberg M, Jensen SS, Ketzel M, Sorensen M,
Hansen J, Loft S, Overvad K, Tjonneland A (2011) Air pollution from traffic and cancer
incidence: a Danish cohort study. Environ Health 10
Roig N, Sierra J, Rovira J, Schuhmacher M, Domingo JL, Nadal M (2013) In vitro tests
to assess toxic effects of airborne PM(10) samples. Correlation with metals and
chlorinated dioxins and furans. Sci Total Environ 443:791–797
Rosas Perez I, Serrano J, Alfaro-Moreno E, Baumgardner D, Garcia-Cuellar C, Martin
Del Campo JM, Raga GB, Castillejos M, Colin RD, Osornio Vargas AR (2007) Relations
between PM10 composition and cell toxicity: a multivariate and graphical approach.
Chemosphere 67:1218–1228
Rusconi F, Catelan D, Accetta G, Peluso M, Pistelli R, Barbone F, Di Felice E, Munnia
A, Murgia P, Paladini L, Serci A, Biggeri A (2011) Asthma symptoms, lung function, and
markers of oxidative stress and inflammation in children exposed to oil refinery
pollution. J Asthma 48:84–90
Scapellato ML, Lotti M (2007) Short-term effects of particulate matter: an inflammatory
mechanism? Crit Rev Toxicol 37:461–487
Schiliroò T, Alessandria L, Degan R, Traversi D, Gilli G (2010) Chemical
characterisation and cytotoxic effects in A549 cells of urban-air PM10 collected in
Torino, Italy. Environ Toxicol Pharmacol 29:150–157
Schins RP, Lightbody JH, Borm PJ, Shi T, Donaldson K, Stone V (2004) Inflammatory
effects of coarse and fine particulate matter in relation to chemical and biological
constituents. Toxicol Appl Pharmacol 195:1–11
Schwarze PE, Ovrevik J, Lag M, Refsnes M, Nafstad P, Hetland RB, Dybing E (2006)
Particulate matter properties and health effects: consistency of epidemiological and
toxicological studies. Hum Exp Toxicol 25:559–579
Schwarze PE, Ovrevik J, Hetland RB, Becher R, Cassee FR, Lag M, Lovik M, Dybing
E, Refsnes M (2007) Importance of size and composition of particles for effects on cells
in vitro. Inhal Toxicol 19(1):17–22
Shang Y, Fan L, Feng J, Lv S, Wu M, Li B, Zang YS (2013) Genotoxic and inflammatory
effects of organic extracts from traffic-related particulate matter in human lung
epithelial A549 cells: the role of quinones. Toxicol In Vitro 27:922–931
Smith KR, Aust AE (1997) Mobilization of iron from urban particulates leads to
generation of reactive oxygen species in vitro and induction of ferritin synthesis in
e.Proofing http://eproofing.springer.com/printpage.php?token=nSr0BWN9JI...
21 di 22 07/01/2014 11.35
human lung epithelial cells. Chem Res Toxicol 10:828–834
Sorensen M, Autrup H, Moller P, Hertel O, Jensen SS, Vinzents P, Knudsen LE, Loft S
(2003) Linking exposure to environmental pollutants with biological effects. Mutat Res
544:255–271
Sun JJ, Kim HJ, Seo HG, Lee JH, Yun-Choi HS, Chang KC (2008) YS 49, 1-(alpha-
naphtylmethyl)-6,7-dihydroxy-1,2,3,4-tetrahydroisoquinoline, regulates angiotensin
II-stimulated ROS production, JNK phosphorylation and vascular smooth muscle cell
proliferation via the induction of heme oxygenase-1. Life Sci 82:600–607
Terzano C, Di Stefano F, Conti V, Graziani E, Petroianni A (2010) Air pollution ultrafine
particles: toxicity beyond the lung. Eur Rev Med Pharmacol Sci 14:809–821
Traversi D, Alessandria L, Schiliroò T, Chiado Piat S, Gilli G (2010) Meteo-climatic
conditions influence the contribution of endotoxins to PM10 in an urban polluted
environment. J Environ Monit 12:484–490
U.S. EPA (1996): Air quality criteria for particulate matter. vol 1-3. EPA/600
/P-95/001a.WHO, World Health Organization (2006) Health risks of particulate matter
from long-range transboundary air pollution. JointWHO/Convention Task Force on the
Health Aspects of Air Pollution, Copenhagen, Denmark
WHO, World Health Organization Regional Office for Europe (2006b) Health impact of
PM10 and ozone in 13 Italian cities. Copenhagen, Denmark
Ziech D, Franco R, Pappa A, Panayiotidis MI (2011) Reactive oxygen species (ROS)—
induced genetic and epigenetic alterations in human carcinogenesis. Mutat Res
711:167–173
e.Proofing http://eproofing.springer.com/printpage.php?token=nSr0BWN9JI...
22 di 22 07/01/2014 11.35
